Introduction
With the economy growing rapidly in recent years, the total number of vehicles increases dramatically and leads to urban traffic congestion, environmental pollution, and energy issues. To enhance the level of service for travelling in urban areas, both central and local governments in China have applied suitable strategies and policies to reduce the traffic congestion and air pollution. Public transport has been considered as the most promising way to solve these promising way to solve these problems and is given the priority in urban transport development. The State Council of China, at the beginning of 2013, issued The Guideline on Further Implementing the Prioritized Development of Urban Public Transport, which ensures the leading role of public transit in urban transport.
There are several successful cases of database to provide urban transport data to support policy making, transport planning, and evaluation. Several institutions around the world are working on data collection and sharing. We list online resources of their databases as follows: Problems exist in the reuse of traffic data, with various data formats, different aggregations, and different densities of metainformation (when existing). Miska et al. (2007) developed an International Traffic Database (ITDb) to deal with these problems by applying data name matching or translation to form a comprehensive standardized data pool, which can improve efficiency of the database [1, 2] .
ITDb is a database that focuses on collecting and providing urban road traffic data (vehicle speed, traffic volume occupancy, etc.) in cities all over the world to provide help to academic researches or other applications [3, 4] . Another US database, the National Transit Database (NTD), which focuses on data collection and application of public transport data, is different from ITDb [5] . The NTD is developed to satisfy the data requirements of all levels of governments and the public. The NTD can evaluate the performance of nation's public transport system and can be used to calculate the amount of public transport system supporting funds. Public transport service quality evaluation cannot be made since daily service data is not collected.
China Transport Statistical Information Network and China Public Transport Network are two nationwide transport databases developed by Chinese companies and transport management agencies. However, the two databases have many inadequacies which cannot meet the needs for urban transport study or other practical application. The following are the current shortcomings of Chinese transport databases. Since the existing transport databases are either not suitable or comprehensive enough to monitor the development of public transit, evaluate policy effects on urban transport improvements, and support decision making, an integrated database needs to be established specially for sustainable urban transport development [6] .
China Urban Transport Database (CUTD) is the first nationwide comprehensive urban transport database, with various types of data such as urban transport network, infrastructure, individual travel, public transport, and pedestrian data. The data sources of CUTD include GIS urban network map, traffic control feedback, traffic monitoring system, public transport operation, and so forth. With abundant and wide-covering urban transport data, CUTD supports decision-making, planning, management, and operation process of urban transport, helping the development of safe, convenient, efficient, economical, equitable, and sustainable urban transport systems for Chinese cities. As a project funded by Volvo Research and Educational Foundations (VREF), CUTD is accessible to partners and colleagues from all VREF Centers of Excellence (CoE).
The Framework of CUTD
The framework of CUTD includes modules of user management, data warehouse, and application [7, 8] . Indicators based on Chinese urban transport features are proposed to support transport development policy making and the assessment of development strategies' effects.
The three modules of CUTD: user management, data warehouse, and application (see Figure 1 ) are designed to realize the database's functions of storing transport data (ranging from raw data to statistical analysis results), running statistical analysis, and making evaluations. Each of the modules is designed and developed independently to focus on both technical aspects and the satisfaction of user demands [9] . The development of CUTD is based on its final operation. To meet the requirement of high performance, CUTD data has to be highly transfer-efficient and be of high quality. Other existing designs of databases, which are simply based on a single set of data types, are different from CUTD.
User Management.
CUTD users include data providers and decision makers. Highway companies, bus and metro operators, and statistic departments of governments are data providers who are required to register the database and upload data regularly. All levels of governments and their supporting research agencies are decision makers who can make use of the data analysis and the evaluation and simulation results to develop transport development strategies. During the data uploading and user processes, the database administrator implements data quality management to ensure good data quality for the proper work of algorithms and tools. All datasets are strictly checked according to the quality management rules, which require a minimum set of metainformation.
Other potential users of CUTD data include domestic and international academic organizations (NGOs, universities, specialists, etc.) and individuals. Different levels right to the database are delivered to different groups of users. The Ministry of Transport of the People's Republic of China establishes a specific network for national and international data exchange and cooperation.
Data Warehouse.
The data warehouse of CUTD includes three layers: geographic layer, transport layer, and data collection layer, which composite a stable and compact structure, improving the robustness of CUTD.
Geographic Layer.
Based on GIS maps, the geographic layer provides map information that includes aspects of urban transport network and railway network, as shown by Figure 2 . Transport infrastructures are divided into two groups, the link and the node, which can ensure a minimum set of metainformation for the users to search and get access to.
Transport Layer.
Unlike the static urban transport structure information stored in the geographic layer, the transport layer of data warehouse consists of comprehensive data of all moving objects in urban transport system, Mathematical Problems in Engineering including cars, buses, trains, motorcycles, bicycles, pedestrians, passengers, and so forth. Information including the original attributes and dynamics describing the movement of objectives are all stored in this layer, as shown by Figure 3 .
Data Collection Layer.
The data-collection layer consists of real-time traffic data collected by road traffic detection systems, which include the sensor type and location, the penetration rate of probe vehicle, and mobile device information. The collection of this type of data needs the support of roadside detecting equipment, GSM equipment, or vehicleinfrastructure communication equipment. Real-time traffic data can be helpful to online traffic management, intelligent dispatching of public transport modes or taxis.
Application.
The following (including but not limited) are function modules which can be realized based on the data warehouse of CUTD. These modules can support the fulfillment of the urban transport development objectives of CUTD.
(i) Urban traffic simulation and evaluation [10, 11] . This module can provide simulation of urban traffic conditions (road, urban rail, or pedestrian, etc.) and evaluate traffic conditions.
(ii) Traffic congestion monitoring and management. This module can dynamically monitor urban road traffic condition and identify congestion links or nodes.
(iii) Energy consumption and emission monitoring and calculation.
(iv) Urban transport planning.
(v) Urban transport investment cost-benefit analysis and public transport enterprises' operation cost-audit and subsidy apportionment.
(vi) Public transport policy making support.
(vii) Travel service information.
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Sustainable Urban Transport Evaluation Indicators.
For a certain city, CUTD data can be applied in the assessment of urban transport sustainable level and the evaluation of its public transport performance; therefore, the database plays a significant supporting role in the urban transport policy making process. The application of CUTD data can provide help to all levels of governments to improve their urban transport development strategies and urban transport management approaches. Sustainable Urban Transportation System (SUTS) is a crucial part of an energy-saving, environment-friendly, and people-oriented society. To make an urban transport development towards SUTS, the evaluation of the sustainability of transport system should be carried out first. Establishing an indicator system for the SUTS is a suitable work to start with [12, 13] . The evaluation indicator system is preliminarily composed of 6 aspects and 26 indicators as shown in Table 1 .
Public Transport Performance Indicators.
Giving priority to urban public transport development has been regarded as a right strategic choice for urban transport development in Chinese cities. The Chinese government has made a plan to build a number of "Transit Metropolis" in the Twelfth FiveYear Transport Development Plan; therefore, the importance of the establishment of a national public transport performance indicator system has appeared. The indicator system can help evaluate and guide the public transport development in Chinese cities.
The following 8 aspects are selected to set indicators for the development of public transport performance indicator systems [14] .
(1) Public transport infrastructure performance (e.g., the ratio of bus parking spaces in the station).
(2) Public transport service quality [15] (e.g., the availability indicators, the convenience indicators, the cost indictors, the comfortable indicators, and the safety and security indicators).
(3) Public transport industry economy level (e.g., investment cost-benefit analysis). (5) Public transport information service level (e.g., bus intelligent dispatching, electronic bus stop ratio).
(6) Safety and security level (e.g., fatalities per 10,000 vehicles, annual growth rate of major accidents).
(7) Energy saving and emission reduction level (e.g., percentage of bus using clean-energy, fuel consumption per passenger/vehicle).
(8) Public transport industry standardization level (e.g., public transport operation/service standardization, public transport terminology, and glossary standardization).
Data Collection Methods
CUTD data can be obtained through the following three channels.
Mathematical Problems in Engineering Referring to the experience of the US National Transit Database (NTD), all fund receivers or all fund applicants might be required to report energy consumption data and public transport development related data (such as public transport investment data, operation data, and maintenance data, etc.) to the nationwide urban transport database.
(2) MOT carries out urban passenger transport statistics every year; therefore, the second data source can be developed by means of urban passenger transport statistics mechanism.
(3) As a tentative plan, cooperation with Chinese cities such as Beijing, Shanghai, Chengdu, Zhengzhou, Jinan, Xi'an, and so forth can provide opportunities to obtain dynamic traffic data and develop the preliminary dynamic data report system. Also, the number of cooperation cities can be increased gradually in the future with the dynamic traffic data report system extended.
CUTD Application Examples
The application of CUTD has been pushed forward with the building of Urban Transport Planning, Control and Evaluation Lab, within which five systems including Urban Transport Data Collection and Analysis System, Urban Public Transport Intelligent Control and Information Management System, Urban Transport Data Management System, Urban Transport Planning Decision-Making Supporting System, Urban Transport Simulation and Evaluation System, and Urban Public Transport Monitoring Information Platform have been designed.
Urban Transport Data Collection and Analysis System.
This system has two main functions of data collection and data analysis, which serve both data providers and decision makers. As shown by Figure 4 , urban transport data is collected from data providers through extraction, cleansing, classification, and loading and imported into CUTD and IUTD (International Urban Transport Database). By analysis and comparison of the data from the two databases, query, statistical analysis, data mining, and information sharing can be realized. Various types of analysis results can then be shown to decision makers (or other data users). For data providers, this system offers functions of on-page data reporting, spreadsheet uploading, and data approving to improve data input convenience and ensure high data quality. Providers can log into the system and type in data directly on pages as shown by Figure 5 or fill data into standard formatted excel spreadsheets and upload the files onto the system. Uploaded data can be reviewed, modified, or deleted. Data approving function examines the data, stores qualified data for the use by analysis system and monitoring system, and returns unqualified data for modification.
Urban Public Transport Intelligent Control and Information Management
System. This system includes two parts: taxi dispatching and information collection and intelligent bus dispatching and control.
The taxi dispatching and information collection module has functions of monitoring, data converging, and reporting generating. Taxi status monitoring, vehicle positioning, vehicle alarming, and vehicle control can be realized by collecting and managing taxi GPS information, driver information, and vehicle information through this module. These types of information can be integrated into a GIS program, which can display vehicle position and driving route on maps. Information of time, speed, vehicle, driver, and even vehicle monitoring video can also be transmitted and displayed on different interfaces. Taxi dispatching can be compiled by applying various telecommunication measures considering taxi information and the actual operational needs. Figure 6 shows an application of this module in Beijing's taxi dispatching.
The intelligent bus dispatching and control module collects CAN bus information and GPS information and displays the position, speed, schedule following status, and other information of buses on real-time interfaces. This module has been applied in Dalian Development Area. There are three view types of bus operation status: simulation view as shown by Figure 7 , track view, and schedule view as shown by Figure 8 . Dispatching and managing tasks including arrival, departure, operation, stop, return, and fault can be carried out by reviewing the real-time information and issuing instructions through communication tools integrated with other functions.
At the same time, all types of bus operation data are stored into historical database as spreadsheets or operation log. The data can be reviewed by database users or analyzed by statistical programs.
Urban Transport Data Management
System. Within the information construction process, various operation systems have been developed by different departments according to their own business demands. All those systems are separated from each other without any connection or communication. The Urban Transport Data Management System is built to unify all those databases. The following achievements are reached.
Data Management Specifications.
Data storing specification ensures the reliability and integrity of data transfer and realizes the pooling and sharing of data.
Data coding specification provides unified conversion interface and unified storage of multisource data.
Data exchange specification provides standard data coding rules and realizes the data exchange between heterogeneous databases. 
Collection of Domestic and International Urban
Transport Data. CUTD has included 58 spreadsheets with over 63.22 million pieces of data.
IUTD has included 51 spreadsheets with over 0.80 million pieces of data.
Also, 0.974 million pieces of abnormal data have been cleaned and filtered.
CUTD data collections include the following.
(i) Dynamic collection of real-time bus and taxi dispatching data.
(ii) Exchange of data from domestic statistical information platform.
Mathematical Problems in Engineering Classifications of IUTD data include the following.
(i) Collection of data from basic researches.
(ii) Collection of relevant result data from surveys in cities.
A Unified Data Interface for Planning, Simulation,
Monitoring, and Evaluation. By developing the functions of data sharing and exchanging, a unified data interface for planning, simulation, monitoring, and evaluation is provided [16] . As shown in Figure 9 , the Urban Transport Data Management System can realize four main functions including basic data element management, information resource menu management, data exchange management, and authorization management.
Urban Transport Planning Decision-Making Supporting
System. This system has four models providing evaluation data for urban development indicators, public transport service quality, and future planning to support transport planning decision-making.
Urban Public Transport Planning
Model. By analyzing basic travel information (collected from daily travel survey and bus passenger survey) and geospatial information (including bus geographic data and socioeconomic data) from urban transport database, this model can achieve travel plan analysis, bus corridor classification, bus line planning, public transport optimization program design, and public transport program review to support decision-making by public transport managers. 
Transport Infrastructure Investment-Benefit Analysis
Model. By using operation scheduling, real-time dispatching, infrastructure, and other data and carrying out subsidy test [17] , passenger traffic calculation, and other data mining technology to get investment-benefit and traffic operation benefit information, which provide dynamic parameters for evaluation and display. This model can achieve the comparison of different transport infrastructure investment options (e.g., the comparison between tram and BRT) to provide references to governors or investors on decision-making.
Urban Traffic Congestion Analysis Model.
By carrying out floating car data map matching and calculation, combined with path speculation, traffic trend judgment, feature fusion, and other data processing measures, this model can provide traffic conditions and the average speed of buses. This model has been applied in the congestion analysis of Beijing. Congestion levels are displayed on road maps as shown by Figure 10 . Congestion data including influencing time, period, and results is stored in congestion database.
Urban Transport Energy Environmental Policy Evaluation Model.
By using vehicle and operation data from the urban transport database, energy consumption and emission can be calculated to provide support to the evaluation of transport energy and environmental policies. Functions of this model include the following.
(i) Urban transport energy demand scenario analysis and forecast.
(ii) Urban transport emission scenario analysis and forecast. (iii) Evaluation of transport development impacts on future urban environment.
(iv) Evaluation of urban transport impacts on health.
(v) Estimation of vehicle and operation line energy consumption.
(vi) Emission hot spot analysis.
(vii) Evaluation of energy saving and emission reduction effects.
Urban Transport Simulation and Evaluation
System. This system includes urban road network simulation and evaluation model and public transport service quality evaluation model.
Urban Road Network Simulation and Evaluation Model.
This model is based on microsimulation software, VISSIM, which can realize the simulation of traffic status at different types of road sections and junctions under different control types, different signal timing, different speed limits, or different deceleration controls. The model can get relevant data (infrastructure and transport user data) from urban transport database and apply the data in simulation model construction and model calculation. Outputs of this model are values of evaluation indicators and 3D simulation video which can show the simulated traffic condition vividly and intuitively. One of the applications of this model is simulation and evaluation of public transport hubs, as shown by Figure 11 . Both the move of public transport vehicles and the move of passengers are simulated. By inputting different groups of vehicle and passenger data, different usage statuses can be demonstrated and different indicator values can be obtained to do evaluations. Also, infrastructure data can be modified to meet different operation and travel demands, as a simulation of infrastructure design or transformation. Evaluations and comparisons of different designs can then be carried out.
Public Transport Service Quality Evaluation Model.
This model can dynamically correlate index system and bus operation database to make trend analysis of various indicators and comprehensively evaluate urban public transport development level by weighting the indexes. Figure 12 shows the operation safety indicators scoring of Zhengzhou Bus Company. Except for the scoring of safety indicators, from the interface it can be seen that there are also scoring of convenience indicators, comfort indicators, reliability indicators, satisfaction indicators, and energy saving (environmental) indicators.
Urban Public Transport Monitoring Information Platform.
In response to the national public transport development priority strategy and a series of regulatory strategies, as well as guidelines and guidance of the Ministry of Transport, surveys and expert discussions were carried out in Chengdu, Xi'an, Zhengzhou, and Shanghai. The Urban Public Transport Monitoring Information Platform was designed and developed. Monitoring of urban public transport infrastructures, passenger traffic, operation smoothness, and security and emergency responding is realized by collecting and analyzing bus and urban rail transport data. Evaluation of urban public transport development is made according to the Urban Public Transport Development Indicator System. Strong support is provided to promote the national "Public Transport City" demonstration construction projects.
Urban Public Transport Development Evaluation.
By pooling static data and dynamic data, obtaining data with statistical measures, and making comparisons with the data a year earlier, macrojudgment of urban transport situations can be made. This function can assist the evaluation of traffic management program implementation effects and provide data supports to the exploration of the interaction law between different departments.
Bus
Infrastructure Monitoring. By monitoring infrastructure, the development of public transport lines, stations, and vehicles can be mastered and support can be provided to the monitoring and evaluation of urban public transport development, and the strategic development planning decisions. Also, policy support can be provided to further strengthen infrastructure construction.
In terms of vehicles, vehicle type distribution (e.g., newenergy vehicle percentage, and vehicle age distribution) and indicators such as bus unit number per 10 thousand people are counted to support the acquisition and maintenance of vehicles by bus companies.
Passenger Traffic Analysis. The passenger traffic analysis module analyzes the spatial and temporal distribution of urban passengers and is used to guide bus line and bus stop planning and the dispatching coordination of bus operators.
(i) As the most basic indicators, passenger density and distribution are analyzed to provide basic data for hot spot analysis, congestion analysis, and bus corridor building.
(ii) Main stop load factor reflects the distribution of passengers waiting at bus stops.
(iii) Key bus line passenger distribution provides data support to transport planning and bus dispatching coordination.
Public Transport Monitoring. Making use of the research achievement of congestion model, the real-time matching of bus GPS data with nearly 80,000 lines' data and nearly 12,000,000 pieces of IC card data, the analysis of key bus line operation can be realized based on GIS. By monitoring bus passenger flows during different periods in morning peaks and evening peaks, the system can analyze the spatial and temporal distribution of bus passengers between key areas and find out big passenger flows between key areas. The system can also evaluate and describe congestion level of road network and bus line network based on road grade and bus speed, as what was applied in Zhengzhou shown by Figure 13 .
Energy Saving and Emission Reduction. Bus energy consumption monitoring system analyzes vehicle energy consumption, CO 2 emission, intensity, fuel consumption structure, and vehicle type structure according to emission standards. It plays an important role in helping understand the energy consumption, operation, and energy saving of transport system. Effective monitoring and statistics of vehicle emission is the basic measure to reduce pollution, save energy, and reduce emission. It can also lay the foundation for future research on urban transport energy and greenhouse gas emission reduction.
Security and Emergency Responding. The monitoring of security and emergency responding focuses on enterpriselevel indicators including the number of over speed alarm, abnormal brake alarm, abnormal door switch alarm, and accidents.
Urban Rail Transport.
In line level, by real-time monitoring and comparing passenger entering and exiting stations, passenger flow direction and moving trend can be dynamically demonstrated in forms of vector charts, stacked charts, and detailed statistics. Figure 14 shows the passenger data of Beijing Subway Line 1. The entering, exiting, and total passenger volumes are demonstrated in the form of a histogram. Passenger flow levels are displayed by different colors on the line map.
Based on urban rail passenger sorting model, key indicators (e.g., line load factor) are analyzed, by fine-grained monitoring of passenger traffic in each direction and each station.
Conclusion and Future Work
In this paper we have introduced China Urban Transport Database, a user-oriented platform for policy makers. This study has proposed an indicator system of Sustainable Urban Transportation System tailored for the current situation of urban development in China. The results of this study provide the evaluation basis for sustainable urban transportation in China. CUTD will be the primary source of information and statistics on the urban transportation systems of China, serving to improve China's sustainable urban transport development.
As a three-year project, the platform has been established in 2011 based on the framework proposed. Functions of simulation and evaluation, congestion monitoring, energy efficiency, transport planning, and public transport policy making have been implemented by corresponding systems. However, transport financing function is still waiting to be realized; databases still need to be expanded and improved; communications between different systems need to be strengthened. It is also important to improve the applicability of the various indicators, the scientific and operability of the weight of each indicator, so greater adaptability is needed for the next stage of the study.
